We sought to examine the accuracy/consistency of a novel ultrasound speckle tracking imaging (STI) method for left ventricular torsion (LVtor) measurement in comparison with tagged magnetic resonance imaging (MRI) (a time-domain method similar to STI) and Doppler tissue imaging (DTI) (a velocity-based approach). BACKGROUND Left ventricular torsion from helically oriented myofibers is a key parameter of cardiac performance but is difficult to measure. Ultrasound STI is potentially suitable for measurement of angular motion because of its angle-independence.
Current research in clinical cardiac mechanics is moving from short-and long-axis left ventricular (LV) function and ejection fraction to three-dimensional ventricular deformation studies, including left ventricular torsion (LVtor) (1) . In systole, the LV apex rotates counterclockwise (as viewed from the apex), whereas the base rotates clockwise, creating a torsional deformation originating in the dynamic interaction of oppositely wound epicardial and endocardial myocardial fiber helices. Although this wringing motion (systolic twisting and early diastolic untwisting) can give novel insights into LV function that cannot be obtained from standard short-and long-axis analysis, it has proven difficult to measure. Previous investigators approached LV rotation (LVrot)/LVtor using short-axis echo scans to track macroscopically the movement of distinguishable anatomic landmarks such as papillary muscle or mitral valve (2, 3) .
One of the special characteristics of static B-scan ultrasound imaging is an appearance of speckle patterns within the tissue, which are the result of constructive and destructive interference of ultrasound back-scattered from structures smaller than a wavelength of ultrasound (4) . Motion analysis by speckle tracking has been attempted using block-matching and autocorrelation search algorithms (5) (6) (7) , and speckle motion has been closely linked to underlying tissue motion when small displacements are involved (6) . On the basis of this displacement estimation technique, LVrot (angle-displacement about the central axis of LV in the short-axis view) for assessment of LVtor can be measured.
A newly developed speckle tracking imaging (STI) technique has presented us the possibility of enhancing the accuracy of displacement estimation by filtering out random speckles and then performing autocorrelation to estimate motion of stable structures (8 -10) . This non-Doppler assessment of cardiac mechanics could rival magnetic resonance imaging (MRI) or Doppler tissue imaging (DTI) in measuring LVtor and may prove more versatile in assessing patients in clinical and research settings. Therefore, we sought to examine the accuracy/consistency of the STI method for LVtor measurement in comparison with tagged MRI (a time-domain method similar to STI) and DTI (a velocity-based approach), a method recently validated by our group (11) .
METHODS

Study population.
We assessed LVtor in consecutive patients undergoing clinically indicated cardiac MRI studies. The research echocardiographic study was performed on the same day as the MRI, and "technically difficult cases" for transthoracic echocardiographic examination were preexcluded (one or two patients). Fifteen patients with a variety of cardiac pathologies were recruited in an attempt to cover a broad clinical range of LVtor: coronary artery disease (n ϭ 4), aortic root disorder (n ϭ 8, including 3 patients with severe aortic stenosis, 4 patients with severe aortic insufficiency, and 3 patients after aortic valve replacement), and cardiomyopathies (n ϭ 3). The study protocol was approved by the Institutional Review Board of the Cleveland Clinic Foundation. Written informed consent was obtained before the study from all patients.
Terminology and calculation of LVtor and torsional velocity (LVtor-v).
We defined "LV torsion" and "LV torsional velocity" as a net-difference of "LV rotation" and "LV rotational velocity" between apical and basal short-axis planes (normally, the apex rotates counterclockwise whereas the base rotates clockwise when viewed from apex; Fig. 1 ) obtained from STI, DTI, and MRI. We defined LVrot and LVrot-v as angular displacement and velocity, respectively, of the LV about its central axis in the short-axis image. They were stated in units of degree (°) and degrees per second (°/s), respectively. Counterclockwise LVrot as viewed from apex was expressed as a positive value. Comparison of STI with DTI/MRI data. For comparison of LVtor derived from STI and MRI, we carefully chose the most similar short-axis images (using size and anatomical landmarks as described below). For comparison of LVtor-v derived from the STI and DTI, we used the images of STI and DTI scanned consecutively by fixed probe. For temporal analysis, the time sequence was normalized to the percent of systole duration (i.e., at end-systole, t was 100%) in all modalities. End-systole was determined from the end of the LV outflow Doppler flow profile in the echocardiography examinations and from the smallest cavity observed in the MRI studies. Echocardiography. After a clinical standard echocardiographic examination, we scanned apical and basal short-axis planes using a high frame rate (86 to 115 frames/s) second harmonic (transmit/receive: 1.7/3.4 MHz) B-mode (for STI), and DTI mode with a Vivid 7 ultrasound machine (GE Medical Systems, Milwaukee, Wisconsin) with an M3S probe. We defined the proper short-axis levels as LV ROTATION AND ROTATIONAL VELOCITY BY STI. Measuring LVrot and LVrot-v by using STI on the workstation is accomplished in five steps: 1) The best-quality digital two-dimensional image cardiac cycle is selected.
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2) The endocardium is traced in an optimal frame, from which a speckle tracking region of interest is automatically selected to approximate the myocardium between the endocardium and epicardium (Fig. 2 ).
3) The region of interest width is adjusted as needed to fit the wall thickness. 4) The computer automatically selects suitable stable objects for tracking and then searches for them in the next frame using the sum of absolute differences algorithm (5,9,10). 5) The speckle tracking algorithm provides a "track score," a reliability parameter based on the degree of decorrelation of the block-matching, shown in each segment as a value from 1.0 to 3.0, with 1 indicating excellent tracking, 2, acceptable, and 3, poor tracking. We excluded segments Ն2.5. After these steps, the workstation computes LVrot and LVrot-v (Figs. 3B and 3C) profiles of each short-axis image (Figs. 1 and 2), defining the ventricular centroid from the midmyocardial line on each frame (Fig. 3A) , an approach that is analogous to the MRI analysis described further in this work. The LVrot profile was smoothed temporally with cubic spline interpolation, from which LVrot-v was estimated by differentiation. Averaged ("global") LVrot and
LVrot-v data on the midmyocardial contour were used for the calculation for LV torsion. (11) . Briefly, LVrot-v is estimated from four points of tissue velocity data on the LV: septal and lateral regions to measure tangential velocity and anterior and posterior region of radial velocity. LVrot-v(t) is estimated from averaged tangential velocity corrected with r (t), as follows:
where r (t) is
and Vlat, Vsep, Vant, and Vpos are myocardial velocity at lateral, septal, anterior, and posterior regions, respectively, and r 0 is the end-diastolic radius. The Doppler velocity data sets of the four regions detected by DTI at the basal and apical levels were then transferred to a spreadsheet program for averaging and calculation of LVrot-v and LVtor-v. At least three consecutive cardiac cycles were averaged for these calculations.
MRI. We used a 1.5-T scanner (Sonata, Siemens Medical Solutions, Erlangen, Germany) for the MRI. After scout images were acquired to identify the cardiac axes, several levels of short-axis image loops were acquired during 
suspended respiration (duration ϳ15 s) using an electrocardiography-triggered, segmented k-space, grid-tagged gradient echo imaging protocol (spatial modulation of magnetization with tag spacing 8 mm, echo time 2.5 ms, sequence repetition time 75 ms, flip angle 15°, temporal resolution 45 ms, slice thickness 8 to 10 mm, field of view 300 to 360 mm, rectangular field of view 75%, base resolution 256 ϫ 256) (12) .
LV ROTATION BY MRI. Processing of tagged MRI images was accomplished using Harmonic Phase (HARP) analysis software (Diagnosoft Inc., Palo Alto, California), the details of which have been described (13) and validated (14) previously. Briefly, HARP uses isolated spectral peaks in the frequency-domain representation of tagged images. The inverse Fourier transform of a spectral peak yields a complex image whose phase is related to cardiac motion in one direction. Analysis of two spectral peaks enables twodimensional cardiac motion to be determined, including tracking individual points within the myocardium. The LV midwall was specified by manually delineating the endocardium and epicardium at end-systole at each short-axis level; the midwall was then located automatically in all other frames. Points lying on the midwall contour were automatically tracked by the HARP software from end-diastole to end-systole. LVrot at basal and apical levels was used to calculate LVtor. Statistical analysis. To assess the correlation of the measurements, we compared the LVtor and LVtor-v obtained by STI with those measured with tagged MRI and DTI by linear regression at isochronal time points, corresponding to the individual MRI frames. Analysis was conducted for the 400 ms after end-diastole (9.0 Ϯ 1.2 frames) because reliable magnetic tagging persisted for this period. To compare isochronal LVtor and LVtor-v data while account- ing for repeated observations per subject, we applied the following repeated-measures regression models (15) .
where R STI and R MRI/DTI are LVtor/LVtor-v by STI and MRI/DTI, respectively, D i indicates dummy variables that code for individual subjects; a, b, and c are model parameters; and is the error term. The goodness-of-fit was assessed by within-subject correlation coefficient.
where SS cov and SS res stand for sum of squares attributed to covariate or to residuals, respectively (16) . To assess the correlation of peak LVtor and LVtor-v (peak systolic and untwisting velocity; Fig. 4 ) of the two modalities, simple linear regression analysis was performed. The accuracy of the LVtor and LVtor-v measurements with respect to the STI/MRI and STI/DTI data also were examined by a limits-of-agreement analysis (17) . The bias was expressed as the mean difference between the two methods and the limits of agreement as two standard deviations of the difference of the two methods. To determine whether the difference in the values between the two methods was statistically significant, a paired t test was performed. Interobserver and intraobserver variability was examined in a blinded fashion in five randomly selected patients and expressed as correlation coefficients and coefficient of variation (CV) between measurements of two investigators and two readings (Ͼ1 month apart) as well as the mean and standard deviation of their differences. All of the statistical analysis was performed using Statistica 6.0 software (Statsoft, Tulsa, Oklahoma). All values were presented as mean Ϯ SD. A p Ͻ 0.05 was taken to indicate statistical significance for all analyses.
RESULTS
The temporal resolution of MRI, STI, and DTI were 24 Ϯ 3 Hz, 104 Ϯ 12 Hz, and 136 Ϯ 9 Hz, respectively. We could analyze LV torsional behavior by MRI and DTI method in all 15 patients, but the STI tracking score exceeded 2.5 in 2 patients; therefore, these patients were excluded from statistical analysis. The profile curves of LVtor and LVtor-v by STI/MRI and STI/DTI in a representative case are shown in Figure 4 . Regression analysis for measurement of LVtor and LVtor-v by STI (Fig. 5, upper panel) at isochronal time points, analyzed by repeated-measures regression models, indicates a strong correlation with those estimated by MRI and DTI (r ϭ 0.93 and 0.76, respectively; p Ͻ 0.0001 for both modalities), with a standard error of the estimate of 2.26°a nd 22.6°/s (regression slope coefficient). The limits-ofagreement analysis (Fig. 5, lower panel) demonstrated no significant mean difference in measurement of LVtor and LVtor-v; the bias was 0.05 Ϯ 2.42°for LVtor (p ϭ 0.82) and 1.72 Ϯ 24.6°/s for LVtor-v (p ϭ 0.27). Comparing only the maximal torsion during systole, we also noted a strong correlation of LVtor between STI and MRI (r ϭ 0.86, p Ͻ 0.0001) and LVtor-v between STI and DTI (r ϭ 0.94, p Ͻ 0.0001). Reproducibility of the STI method for LVtor. Interobserver measurements showed r ϭ 0.92 for peak torsion (9.6 Ϯ 2.4°vs. 9.1 Ϯ 2.0°, CV ϭ 10.5%) and r ϭ 0.81 for peak 
untwisting velocity (69 Ϯ 10°/s vs. 66 Ϯ9°/s, CV ϭ 9.0%).
The error was random with no systematic trend observed (p ϭ 0.25 and 0.38, respectively). Similarly, intraobserver variability showed r ϭ 0.92 for peak torsion (9.1 Ϯ 2.1°vs. 9.3 Ϯ 1.8°, CV ϭ 9.6%) and r ϭ 0.87 for peak untwisting velocity (66 Ϯ 9°/s vs. 68 Ϯ 13°/s, CV ϭ 8.1%), indicating satisfactory reproducibility for LVtor measurements by STI.
DISCUSSION
Imaging is one of the cornerstones of diagnosis in modern medical practice, and ultrasound is among the most mature technologies. In this study, we demonstrated that LV torsional deformation assessed by speckle tracking was quite consistent with those by MRI tissue tagging with acceptable bias and variability. Because the speckle-tracked data were obtained from relatively high-resolution two-dimensional images, the torsional velocity profile by the STI compared favorably with those by the DTI method, which was derived from primary detected velocity data with higher temporal resolution but with intrinsic directionality constraints common to all Doppler techniques. Tagged MRI examinations have revealed important physiologic (18 -21) and pathophysiologic findings for torsion as a relatively load-independent index of contractility and relaxation (22) (23) (24) (25) , making it an important reference standard to study cardiac biomechanics noninvasively. Improvements in this technique continue, such as the retagging at end-systole or using steady-state free precession with myocardial tagging (TrueFISP) (26) , which can analyze LV deformation more robustly. Nevertheless, echocardiography is many-fold more available than MRI and therefore a more sophisticated assessment of LVtor by echo would be most welcome. Ultrasound speckle tracking for assessment of LVtor. ADVANTAGES. Many of the recent efforts to assess LVtor have used tissue velocity (Doppler) signals to assess rotational velocity at the base and apex (11) . Researchers have demonstrated the ability of the DTI to characterize global and regional myocardial motion or deformation with high temporal resolution, but the angle dependency of Doppler is an unavoidable limitation (27) (28) (29) .
The alternative method for motion estimation proposed here is based on two-dimensional speckle tracking using time-domain processing, an approach that should be independent of both cardiac translation and angledependency. Mailloux et al. (30) proposed such an approach in 1987, but the absence of digitally stored high-frame-rate echo images led to unreliable results. Meunier and Bertrand (6) later reported a clear relationship between small tissue motion and the corresponding speckle pattern motion, demonstrating the potential for speckle tracking to study tissue dynamics. Success in the current implementation appears to derive from several factors, including the use of high-quality second harmonic images (31) that are acquired at high frame rates and are stored digitally in the original raw (scan line) format for analysis. The two-dimensional images were filtered nonlinearly before block-matching during processing (8 -10), which helped to reduce the decorrelation score, i.e., the parameter used to indicate failure of DISADVANTAGES. There are, however, several shortcomings to the current STI approach. The STI analysis is inherently dependent on the two-dimensional echo image quality. Even among our 15 patients who were not "technically difficult," there were 2 patients whose decorrelation scores were too high for confident use. We also should note that the difference between STI and tagged MRI/DTI values was relatively large in some subjects, although the overall rotational profiles were quite similar. Although speckle tracking has been reported previously (5-7), all of these methods have inferred tissue motion from isolated two-dimensional planes, whereas this motion is actually three-dimensional, which might remove some of the speckles from view by through-plane motion, particularly at the basal level. Fortunately the STI method only requires a statistically meaningful proportion of speckles to be present on successive frames, expecting some randomness superimposed on the true motion. Although we tried to define each slice by anatomical landmarks of the LV, we could not measure the exact distance between the scanned two levels. To overcome these problem, rudimentary threedimensional echocardiographic speckle tracking already has been reported (33) . Further developments in threedimensional echocardiography may allow speckles to be tracked in all three dimensions, allowing an even more comprehensive assessment of ventricular function by echocardiography.
The B-mode image intrinsically has a lower signal-tonoise ratio than tissue Doppler (34) , which may explain the slight underestimation of torsional velocity (slope ϭ 0.79 in Fig. 5 ) in comparison with DTI-derived data; however, the peak torsional velocity showed excellent correlation (slope ϭ 0.96). Study limitations. Although we tried to collect patients who exhibited a variety of cardiac pathologies, the studied population was limited to patients who had a clinical indication for MRI examination. There was no way to guarantee absolute congruity of the short-axis levels used to assess LV torsion between echo and MRI, although the mitral valve and papillary muscles were used as landmarks in both modalities (11) . The relatively low temporal resolution of MRI study in the current study might fail to detect the exact timing of end-systole, which might affect the analysis of the torsional profile. On average, however, end-systole occurred 33 Ϯ 26 ms earlier by MRI than echo, which is within the singleframe durations of the MRI study (42 ms). Clinical implications and conclusions. We have seen recent advances in understanding myocardial function at genetic/molecular levels (23, 35, 36) . Integration of the new evidence in basic science and evolution in imaging technology must be matched with a new understanding of the importance of shape and fiber architecture to provide insights into disease that can lead to new therapy (1) . Left ventricular torsion is important for normal ejection and suction and is an ingrained feature of the normal spread of excitation and connections between the fibers (3, 37) . Left ventricular torsion is a critical aspect of cardiac biomechanics (3, (37) (38) (39) (40) , although it has been difficult to measure. The present study has validated the ability of STI to assess LV torsional deformation against MRI tissue tagging (which uses tissue displacement) and the DTI method (based on tissue velocity). Assessment of LVtor by the STI may help test hypotheses relating molecular changes and new macroscopic LV biomechanical concepts for better management of patients with heart failure.
